Increasing the dimensionality of quantum entanglement is a key enabler for high-capacity quantum communications and key distribution [1, 2], quantum computation [3] and information processing [4, 5], imaging [6] , and enhanced quantum phase measurement [7, 8] . A large Hilbert space can be achieved through entanglement in more than one degree of freedom (known as hyperentanglement [2, 7, 9] ), where each degree of freedom can also be expanded to more than two dimensions (known as high-dimensional entanglement). The high-dimensional entanglement can be prepared in several physical attributes, for example, in orbital angular momentum [1, [10] [11] [12] and other spatial modes [13] [14] [15] . The drawback of these high-dimensional spatial states is complicated beam-shaping for entanglement generation and detection, which reduces the brightness of the sources as the dimension scales up, and complicates their use in optical-fiber-based communications systems. In contrast, the continuous-variable energy-time entanglement [16] [17] [18] [19] [20] [21] [22] is intrinsically suitable for high-dimensional coding and, if successful, can potentially be generated and be communicated in the telecommunication network. However, most studies focus on time-bin entanglement, which is discrete-variable entanglement with typical dimensionality of two [23] [24] [25] . Difficulties in pump-pulse shaping and phase control limit the dimensionality of the time-bin entanglement [26] , and high-dimensional time-bin entanglement has not been fully characterized because of the overwhelmingly complicated analyzing interferometers. On the other hand, a biphoton state with a comb-like spectrum could potentially serve for high-dimensional entanglement generation and take full advantage of the continuous-variable energy-time subspace. Based on this state, promising applications have been proposed for quantum computing, secure wavelength-division multiplexing, and dense quantum key distribution [3, 27, 28] . A phase-coherent biphoton frequency comb (BFC) is also known for 3 its mode-locked behavior in its second-order correlation. Unlike classical frequency combs, where mode-locking directly relies on phase coherence over individual comb lines, the mode-locked behavior of a BFC is the representation of the phase coherence of a biphoton wavepacket over comb-line pairs, and results in periodic recurrent correlation at different time-bins [29, 30]. This time correlation feature can be characterized through quantum interference when passing the BFC through an unbalanced Hong-Ou-Mandel (HOM)-type interferometer [31]. A surprising revival of the correlation dips can be observed at time-bins with half the period of the BFC revival time.
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However, because of the limited type-I collinear spontaneous parametric downconversion (SPDC) configuration in the prior studies [29] , post-selection was necessary for the BFC generation where the signal and idler photons are indistinguishable, limiting the maximum two-photon interference to 50 %.
Here we achieve high-dimensional hyperentanglement through a biphoton frequency comb.
The high-dimensional hyperentanglement of the BFC is fully characterized with four observations. First, the state is prepared at telecommunications wavelengths, without the necessity of post-selection, by using a type-II high-efficiency periodically-poled KTiOPO4 (ppKTP) waveguide together with a fiber Fabry-Perot cavity (FFPC). Because of the type-II phase matching, signal and idler photons can be separated efficiently by a polarizing beamsplitter (PBS), allowing deterministic BFC generation, as first proposed theoretically by one of the authors [29] , to be observed experimentally for the first time. Revival dips with  96.5 % visibility from two-photon interference in a HOM-type interferometer are observed recurrently for the first time, which reveals correlation features in the time bins of the BFC. Second, second-order frequency correlation and anticorrelation, scanned across the full span of the frequency bins by narrowband filter pairs, shows the good fidelity of the frequency-bin entangled state. Finally, we confirm the generation of high-dimensional energy-time entanglement using a Franson interferometer, which can be regarded as a generalized Bell inequality test. For the first time, Figure 1(a) shows our experimental scheme. The SPDC entangled photon pairs are generated by a high-efficiency type-II ppKTP waveguide, described in detail in [32] . The frequency-degenerate SPDC phase matching is designed for 1316 nm output with a bandwidth of about 245 GHz. The type-II BFC is generated by passing the SPDC photons through a fiber 
where  is the spacing between the frequency bins, i.e., the free spectral range of the FFPC in The FFPC has free spectral range (FSR) and bandwidth of 15.15 GHz, 1.36 GHz, respectively.
The repetition period T of the BFC is about 66.2 ps. The FFPC is mounted onto a thermoelectric cooling sub-assembly with minimized stress to eliminate polarization birefringence and with  1 mK high-performance temperature control. From our measurements, there is no observable polarization birefringence in the FFPC, and thus the signal and idler photons have the same spectrum after they pass through the cavity. Due to the type-II configuration, there is no probability that both photons propagate in the same arm of the HOM interferometer -this configuration yields a potential maximum of 100 % visibility of the two-photon interference.
The pump is a Fabry-Perot laser diode that is stabilized with self-injection-locking, through double-pass first-order-diffraction feedback using an external grating (for details, see MHz accuracy, allowing the tuning of the laser diode current and first-order-feedback diffraction angle to match the FFPC for the BFC generation. The BFC spectrum is further cleaned by a fiber Bragg grating (FBG) with a circulator, and a free-space long-pass filter that blocks the residual pump light. The FBG is chosen with a bandwidth of 346 GHz, larger than the 245 GHz phase-matching bandwidth, and is simultaneously temperature-controlled to match the central 6 wavelength of the SPDC. A polarizing beamsplitter separates the orthogonally polarized signal and idler photons.
Supplementary Information and Methods
We first characterize the mode-locked behavior using a HOM interferometer. The signal and idler photons are sent through different arms of the interferometer. A fiber polarization controller in the interferometer's lower arm controls the idler photon polarization, so that the two photons have the same polarization at the FBS. An optical delay line consisting of a prism and a motorized long-travel linear stage (DDS220, Thorlabs) is used to change the relative timing delay between the two arms of the HOM interferometer. The position-dependent insertion loss of the optical delay line is measured to be less than 0.02 dB throughout its entire travel range of 220 mm. The coincidence measurements are performed with two InGaAs single-photon detectors D1 (with  20 % detection efficiency and 1 ns gate width) and D2 (with  25 % detection efficiency and 3 ns gate width). D1 is triggered at 15 MHz, and its output signal is used to trigger D2. As a result, coincidences can be detected directly from the D2 counting rate if the proper optical delay is applied to compensate for the electronic delay. Taking into account the waveguide-to-fiber coupling and transmission efficiencies of optical components, the overall signal and idler detection efficiencies are estimated to be s = 0.92 % and i = 1.14 % respectively. Figure 1 (b) shows the experimental results by scanning the optical delay between the two arms of the HOM interferometer from -320 ps to 320 ps, with a pump power of 2 mW. At this power level the generation rate is about 3.3×10 -3 pairs per gate, where multi-pair events can be neglected. We obtain revival dips for the coincidence counting rate R12 at the two outputs of the HOM interferometer (single-photon rates are shown in the Supplementary Information). The spacing between the dips is 33.4 ps, which matches half the repetition period of the BFC, and agrees with our theory and numerical modeling (see Supplementary Information I for details). We also note that our prior analysis [30] involved a movable beam splitter for both beams (for a T recurrence) while in our measurement setup only the idler beam is delayed (for a T/2 recurrence), supported by the same type of analysis and physical interpretation. The visibility of the dips decreases non-corresponding counting rate exceeded 13.8 dB for adjacent bins (including  2 % leakage from the band pass filters), or 16.6 dB for the non-adjacent bins. We note that, through conjugate state projection [20] , observation of both the HOM recurrence and frequency correlation supports the entangled nature of the BFC. Here we are interested in the regime of T  0, because of the symmetry of the signal and idler.
In particular, this allows us to examine the interference visibility over a larger time frame, for the same stage travel range. With T2 fixed at each point, the phase sensitive interference is achieved by fine-control of the arm1 temperature, which tunes T1. As shown in Figure 4 , the revival of multi-order full waveplate is used in the lower arm and it can be twisted along its fast axis (fixed in the horizontal plane) to change the phase delay between the horizontally and vertically polarized light. Therefore, we successfully generated the following high-dimensional hyperentangled state when a coincidence is measured.
Such hyperentanglement is tested using coincidence measurement by scanning P2 and the [3] Menicucci, N. C., Flammia, S. 
I. Theory of two-photon interference of the high-dimensional biphoton frequency comb
Considering the Hong-Ou-Mandel (HOM) interference at an ideal 50:50 coupler, we can write the electric field operators at the two detectors D 1 and D 2 as
with the field operators before the HOM interferometer ˆ( )
where T is the arrival time difference for the signal and idler photons from the crystal to the coupler. Then the two-photon coincidence detection rate is expressed as
with the correlation function given by
where g T represents the timing between the detection gates. Here we assume the pump light is an ideal continuous-wave laser and thus neglect the average over the pump field. Substituting Eqs.
(1), (2) and the spontaneous parametric downconverted (SPDC) state into Eq. (4) we obtain 2 (2)
where we define ( ) ( ) 
For our source, the spectrum amplitude ( )   has the following form
where ( ) sinc( ) f A     is the phase matching spectrum function, with the full width at half maximum (FWHM) as 2.78 / A, and
is the rectangular spectrum function resulting from the FBG, with B denoting the width. The fiber Fabry-Perot cavity (FFPC) has a Lorentzian spectrum bin function characterized by:
, where  is the spacing between the frequency bins and 2 denotes the FWHM of each frequency bin. Corresponding to our measurements, we evaluate our theory using the following parameter values: A = 2.78 / (2  
Then through Eq. (6) we arrive at the coincidence rate as In the experiment, the bandwidth of FBG is more than that of the phase matching. It is reasonable to assume an infinite number of frequency bins, i.e., N   , and making the 
II. Theory of Franson interference of the high-dimensional biphoton frequency comb
The electric field operators at the two detectors D 1 and D 2 can be expressed as
with the field detectors before the Franson interferometer ˆ( )
where 1 2 , T T   are the unbalanced arm differences. Then the two-photon coincidence detection rate can be described by
where g T represent the timing between the detection gates. Here we assume the pump light is an ideal continuous-wave laser and thus neglect the average over the pump field. Substituting Eqs.
(1), (2) and the SPDC state into Eq. (4), we obtain 
where () denotes the spectrum amplitude and we define ( ) ( ) 
Since T 1 , T 2 >> T g , the coincidence detection system can resolve the short and long paths and thus the two terms
 have no contribution to the coincidence rate.
Moreover, as T g >> T c , the time integral range in Eq. (3) can be extended as ( , )   . Then after the time integral we obtain the coincidence rate
where 1 2
T T T     , and
For our source, the spectrum amplitude () has the following form
Then we can write the spectrum density
where we have neglected the overlaps among the frequency bins since  >> 2. Moreover, as the FWHM of 
Then through Eqs. (6) and (10), we can write the coincidence rate as 
III. Characterization of Franson interferometer long-term stability
In our measurement, the fiber-based Franson interferometer needs to be stabilized at the 
IV. Stabilization of the pump laser in Franson interference
The Franson interference requires high stability -both short and long term -of the pump laser, which defines the two-photon coherence time of the two-photon state. The coherence time of the pump laser should be much longer than the path length difference. This path length difference is 5 ns in our experiment. Therefore, we custom-built a stabilized laser at 658 nm using self-injection-locking. The setup is shown in Supplementary Figure S5a interference measurement to demonstrate pump laser stability, with the interferometer tuned to the 0th time bin. Measurement is made at 6 mW pump power. The measured deviation of the counting rate is about 5%, with the coincidence measurements taken every 40 seconds, which corresponds to a 2 MHz drift of the pump laser. The long term drift, over 12 hours, is less than 100 MHz.
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The current source for the diode is a low-noise laser diode controller (D2-105, Vescent Photonics, Inc.). With these stabilizations, we achieve a free-running wavelength drift of the 658 nm laser at less than 2 MHz within 200 seconds, which is an integration time step for the 
VII. High-dimensional hyperentanglement and Bell inequality statistics
We performed a series of hyperentangled measurements of the biphoton frequency comb with the visibilities summarized in Table 1 
